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SUMLMRY

Obsrvations have been made on the microstructare of metals subjec-

ted to fatigue stresses. The changes observed include the appearance

of deformation bands and crystallites in the original grains.

A modification of the fatigue process occurs at high stresses %here

the rapia forsation of crystallites causes a videspread disturbance of

the grains. _
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I Infsoduction

RTistle3 theories of fatigue assme that the process of work harden-

ing takes place on the slip planes of the metal crystals umil cracking
occurs if the stress is sufficiently h4gh. No distinction has been
drawn between fatigue at high and low strescs as it has been asstw--d
tha-tho dofoxmation =as assooaatoawith slip alone; the degree of
stresslnZ rould then only control the rate of aork bardanxng and the
fatigue life of the specimen. The characteristic shape of the fatigue
curve for a td night suggest that to mechanimns were in operation,
but the complex nature of the strain hardening :.rocess has provdcd an
alternative explanation. Oreanl has pointed out that the slope of the
strp pfrt of the logS loge curve obtained by theoretical considera-
tions based on the rate of work nardening of.plastic regions within the
metal crystal is a 2 roxirnwtoly 1 while that obtained from actual fatigue
tests is rarly greater than 0.5. Hero agin, the complexity of the
mcchanism of strain hardening and the over _inpliflcation of the function
by the use of a static strain hardening coefficient has been realised.

Gough
2 

has netallographically examined different retals, mainly in
the farm of single crystals, and has concluded that the process of
fatigue gs one of etrain hardening by slip on the operative glide planes

, of the crystals until cracks occur on these planes. From this he has
concluded that the atrain hardening process is identical wijth that of a
cryata subjected to a static stress. He resolves the problem of
fatigue crackirg anto one of cohesion bet,ccn the netd atms hich will
only be solved i,hon the completo theory of static rupture strength has
boe evolved. Cough has also suggested that slip is aompanied by
fmwqantation of the original mtal crystal into Wcall crystallitos in
the region of the planes whore slip has -occurred, and that these crystal-
litoes suffer a slight rotati n or re-orientation from the origin"l crys-
tal direction. 11ore reccnt evidence of crystal brook-uo under stress
has boon put forward by tqod snd Rachirgor3, Cah

4, and others.

a In the present ork a study has been made of crack formation and
propajation in a high purity AlWintun - 4 Silver aloy, cenr orcial
purity copper, and rmco iron, the majority of the tests having been
aade on the first mentioned material. Alloys of the Alwoinium-Silvcr
syate, had arsAy been selected for a creop investigation being undor-
tahn in the Dopxxtont in view of the range of solid solubility of
silver in aluiniun being convonient for the study of the properties of
single phase And Ouplcx structures, aed becaue of the similarity in
size of the Alecainikua and Zilvor atoms and the negligible colid solution
hardening reaulting from this. For the sam teo reasons the Aluinim-
Silver Wstr offers a convenient range of alloys for the study of
fatigao.

Tho obssrvations'were-made in e1l polycrytallino speeieans, the
o ork-of Gough and others having established the close identity of the

mde of failure in sinzeaod polycrystalline speclmens. To allow
continuous exemination of the specimcns vhilo unvdrgoing fatiguotests
the techniquo describo in R.A.E. iZeport Fo.Uet.39 was employed, using
stroboscopic illirination. The specimens wore vibrated until, in most
cases, failuro in the foxin of 6racking ccurred. As the alloy had a
very low proof stross it tended to crop during the test and thus upsot
the vibrator sOtting. This was overcome by thbprovirion-of a spring
to oppose the pull of the eletrosagnot thus in effect making it a
constant ttain nachino.

.......
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2 Heat treatment and nrenaration of suecirens

Al mnim - Silver alloy: Cold rolled to specimen thidness of
2 cii 1ion t" diaeter extruded bar, machined, and then heat treated for
4 hours at 46500 followed by a cold water quench. 'he grain size ias
ap rxirately 0.2 =a diameter.

Coaiercial coner: Cold rolled to specimen thickness from A" dia-
meter bar, rmachined and then heat treated for 2 hours at 800Oc in a
nitrogen atmosphere. '(This heat treatment produced a grain size
approximately equal to that of the Al-Ag spe imens)'.

Armso iron: Cold rolled to specimen thackuess from 7 plate.
Annealed for 2 hours at 90000 in nitrogen atmosphere.

The spocimens were all electropolashed without any grinding opera-
tion after the annoaling treatment to ensure that ro corked surface
loper erdatea. They werc tested -n theoolished condition so that nur-
face movcmnt, such as slip,- could more readily be detected. .fter
teseing, they %,ore etched. The reagents found most suitable were:-

Alu ia - 4J S iver alloy - S HP in wa-ter followed by a conec.
1Sv 

3 cleansing dip.

Commrcial copper - Fe C 3 + W01 in alcohol -

Armoo iron - z Nital

3 The effect of the surface film formed dumg electropolishinv on
the annoaraneo of the fatigued sneosn

Thin has',ben the zsbject of a recent paper by silm
4

. We have
also observed the marked effect of a surface film formed on the Al J$ Ag
alloy during electropolishng of the specimens. This film could, how-
ever, be readily removed by short dip in the etching reagent described
above for this material. On investigating the effect of this fib on
the surface appearance of a fatigued crystal, it was found that the film
greatly mpeded the appeorance of slip bands, ,hereas a specimen cith
the film rcmvod shor'ed fins slip bands after the slightost doformatio.
In fact, the large stibr of slip bands in the latter specimens obsurrd
the detail of other forms of deformation which was observed on specimens
fatigued with the film in situ. Repolinhing to remove the slip bands
revealed again the forms of aeformation which had occurred and which
will be described later.

4 'Microscepic examination of materials before testing

Alrinimn 45 Silver snecimens: The structur conssted of a com-
plets solid solution of equi-axial grains and was practically free from
particles ith the exception of a few isolated stringdrs, which did not
interfere with the observations.

Copner sneotmens: These, consisted of twinned oqui-axial grains.

Anco iron snocimens: These consisted of equi-axial recrystallised
grains. A few residual grain boendaries suggested that a much longer
annealing time vould be required to oomplotely remove traces of the for-
mor structure.

= -. . .- 5 -. 
.5 --
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5 Distort on roduced by static stresses

Figure I shows the aneaxrsnce of slip bands producedby static
stresses. The shcar displacement on the slip planes can be clearly
soen at the- eag of the specaomen. This represents the classical idea

* of glide on the opstrave slip planes. Although 'hese slip bands are
sharply defined at X500 magnifications they are generally considered
to be many atem6 planes thick. According to Trmnn

6 
the only pos-

sible xeans of defomation is by slip or twinning, but recent work has
sho-n that other ferns of deforcation may occur. Blam

7 
has shown that

deformazion in p brass does not take place by slip on any aefinite
cyztal plane but is brought about by mvements of a complicated nature.
Them movemnts produce bands in the crystal some having a different
oriel'tatien to tha.t of the origiual. crystal and others thought to be
laeors of mro highly strancd mterial. A mchanist of deformation
tened 'Kinung' has bon described by Oroan, and he considers that
there arc many indications that defoention bands in metas hatherto
considered glide or twin bands ay be in reality 'Kink' bands. The
me ,h.ni of flexurza glide either uith or without aceepanying relaxa-
tion in the form of polygonisatien

4 
can also be considered as a possible

fea of defoeation. The result of any of the latter forms of deformr-
A tien will be local variations in orientation, ,hereas pure glide will

causo no such change. These variations may be very small and difficul-
ties in detection =y therefore be experienced.

Possible methods of revealing local variations in orientation by
mtallogrephic means include, (a) by detecting differences in surface
level on the polished surfaco (b) by preferentially etching areas having
a different orientation, or (c) by the use of an etching reagent viih
is sensitive enough in its attack to reveal boundaries where the differ-
enco.in orientation behacocs cdjacent areas is very sa1ll.

The second method will produce ' stepped' boundaries, end although
the difference in level ay be very slight it could in the present

44 investigation be rcve ed by stopping down the light coerce and thus
reducing the effective nucorical opertre of the microscope objective.
The effectiveness of the third method will depend on ho differences in
orientation at the bondarls. Lacombe and Beaujard have showm that

2' the etching effect becomes negligible if the difference in orientation
Is only about 10 or loss. Lacombe has used reagonts which produce
etch pits to reveal these 'difficult' boundaries, the boundarics being
outlined by these pits.

6 Distortion effects nrod eac by c-lio stresses

lng and Huphrey
I0 

woro the first to rmko a study of the micro-
A structurel changes brought about by cyclic stressing. Their observa-

tions led then-to suggest an "attrition" theory of fatigue in ,hich the
repeated applications of an unsafo stress produced repeated-slip rosul-
ting in attritionof the slip planes, this attrition esntucaly led to

4 cracking and ultimate falju~o. This suggests that if slip occurs then
ultimate fracture must fbllo, but it has been found in the present
series of tests thr.t pprociablo plastic defomation occurs even at
stresses below the -fo range estiated op a basis of 150 x 106 cycles.
Stran ha-dening occurs below and above ,the fatigue limit, suggesting
that slip is not a emakening process and therefore the attrition theory
does not seen tcnablo. For example specimens of the Aluminium 45
Silver alloy has boon fatigued at a cortain stress for moro than 150 x
10b cycles and may slip'bands uero apparent after this treatmont but
no addit nal slip bands or signsof cracks wore observed suggesting
tlat the slip process had hardened the mtcriel sufficiently to mke it
resistant to further slip at that particular stress. Under those

6 _ _ _ _ _ __ _ _ _
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conditions It would appear that the mterial would Pot deteriorate fur-
thor. Specimens fatigued at slightly higher stgessos chewed more
arked cip,- and use wthich failed after 150 x i0

t 
cycles is shw in

Fgure 2. In the as polished and fatigued condition the speci en dif-
fered fxau the "revious one in the nu ber of slip bands present and in
their more marked appearanco in the region sTohrc fd lure had occurred.
of both speeiiens ,;re olectropolished, however, the slip bands were
reaoved-leaving a fcat roless surface. Etching this surface revealed
defeowation bands and =-l crystallite in the specimen *,hich had
cr cked, although cenot could be detected on the uncracked specimens.
ThC defoantioc b=ds w re very clearly defined in sosse cases, see
Figr-ie3, but were rore usually irregular. These bands coc to coin-
ciae uith the surface striations ahich were observed in specimens f-ti-
gued at higher stresses waith the poliahing film still in atu. It
se new that those striations ar-cre defosation bands which had been
rendered appr-nt by the absence of slip bands on the surface. The
camal light ricroscopo working %,ith a greatly reduced N.A. as extronely
sensitive to differences in level of the.surface of a highly polished
specimen. A fringe pattern of a crystal containing thee striations is
shorn in Figure 4. From the pattern it can be seen that the striations
are of a corrugat d or undulating nature, the difference in level frm
crest to trough b ing about 0.3g. The usual slip bands as produced by
static,-trosaing sheyw as sharp steps in the fringe pattern and would
'herefore be clearly distinguishable fro these striations. Fatigue
tests 'ore rode at various stresses and it vas found that as the stress
as increasod acre nmcod dofermation bands appoarod, enxd the slip which

appcaaed oa1kd near the fatigue limit now ceed to be of sccondar
Vapartance. In specimons with the surface .film no slip bands appeared

except at the lower stresses, although tests made wIth the film rmoved
showed that they =ere iroducod at all stiress lveli. It soccer from
this that an annealed crystal will slip freely until it has been suffi-
ciently hard&eI by this slip. If, however, the strbss is high enough
for the forastion of those doformtion bands the slip process is greatly
Impededa and beca-oa a seconary process. Tests made on specimeena at
then highcr streses showed that these deformation bands gave way to an
even larger scle deforrAtion. Figuro 5 shews these striations and
Figuro 6 zhoco the aore widospread deforatien *which occurs at the
higher stresses, this surfate having ben ropolished to resove the
marting slip bhds ,and then etched. Tneridgesnnd forrows which occur
in this type of defomation often run along, or parallel to, the grain
boundaries and cro not associated ith the crystal planes. Fora this
it can be seen tlut three forms of defortior are eccoring and the
preoinanceo of any one wll depend on the sfi-oss level at rich the
material ds being fatigued. 1hrlier it was shon that these dofoama-
tion bcands could be revealod by etching because of the slight differ-
cnces in orientation that exist in the crystal. It can be seen from
Figure 6 that the deforraod arcas consiet-of nacy mall crystallitos;
the now boundaries of those crystallites are raro clearly shoe in
Figures 7 a 8 and appea to follw the contours of the ripples, as
can be seeon in Figuro 8. The widespread defo ration seems, therefore,
to be arsociatad iwith the foraton of crystallites, the process of
eryafallite frm.tion allowing further dofoamation to occur.

Fatigue tosts on copper spociens have shawm that slip is very
mrked as is rlse crystallito formation, especially ,hen associated with
the slip plaed, At the higher stresses a mere general form of defer-
at ion Vith small very clearly dofined crystallitos is case observed.

It uould ser theror e that both,,th Altailur-Silvor alloy and copper
boha.o in auch the "sa. way chon subjected to cyclic stresses.

Figures P rnd.O show crystalliten associa.tod ith ,slip bands, and
Figure 11 shows the nero deeply etched crystallites which occur at te

. .
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thigher stresses. All the copper specimens showed a marked mossic pat-
tern-which can be seen in the background. This was only revealed inthec :='-tcrial Cl:at bad been stbjectea to cyclic stressing. Fi li re 12
chws 'he mosale pattern produced at a low stress level, the higher
stresses producing a fin er w ac. The Armc iron spepimns showed
taiilar clbstall.te ferations't thore berved n o thoughuthe a re
Silver alloy specmens. A i ypf ical region of crystallitc s i_4z. hon inPx Fawe 13 Tile surface of Alumilixt- - - Silver seecimens after

fatiguing at a faightige s resse on thce si46. The
ctllular ntork attern ohioh as otcen observed on fhe polishe sur-
fAce after bein ftigueds is ha, in Figures 14 5 and r6. It can
be seen that the ellular structure appears in areas of cryztalith
the formation and at nm mall crystaite prestibly f a favoerabll
orientation for s p sheot this strcturec very clearly. The specimen
shoev in Figure a was fatigued, repolshea, and etched to reveal the
cbstallts The repolishang asn etching treatment rved all vi-
dencF of the celular attion but after fprther fatiguing it reappears
ia caierinrystallites inlaing t t furthrdcfrmt n, and pos-
sibly further crstal breakica apcacur g. Figure 5 hows an area
of lhis strctu2e at a hiher rago fcatiX u It= which cl can be stha
tha aporeciable diferences in orentaton occur throughout the area
S= ofathese adas iffer i orin in naloy s a high s vs

.

7 B ounaawr. oy ne n

A h otce le effect of the fatigue stresses on the stricture f,as
the e ovse ent of grain bounearies. Thus, ounharies vhih were ini-
tially invariably straight or snothlycurvd, vere of irregular chase
after being fatigued. This is sh ar in F igures 27 ana 18 %here it ha
re see thetcrac isrseent e p s the bounarou is associated crth
the deforatiop bales hich sre present in Aluinir - -g Silver alloy

,specimens. Figure 19 sho,,s a similar effect in Arao iron. It vas
noticed that the effect %-w more marked if the difference in orientation

bas cn the aJoiing rains was tnall.

8 racks foheetion an propst atin

Figures 20-2 sho the initiation an progress of fatigue cracks in
an Ati.iniux T A n -Silver alloy specimen. This pecimen was fatgued at
a low stress level i,hore only the localized form of cxystalliVe ferna-
tics ocourca, The first cracks appoare,) after about WO x 10e rover-

sals. igure s ho-,, cracks at X2000. It ban be ctearly seen that
the cracks are irregular as though thqe follor snal orystallito boun-
daries.

atigue n crack formation in alloys at higher stress levels is
A., however a different process. Figure 25 is a schaaatic series of dia-

4grams showing the sequence of events !ea(Un5 to the frra~tion of a crack
at a high stress level in the Ahtvinim - - Silver alloy. The fea-
tures observed in the final stage are 45ho l in Figure 26 in which the

, root of the crack is seen to be progresing throueh a region of crtzstal
-

liras. In the copper specizens theo feonation and propogation of cra&=.
as nearly always associated with the twin bads as zihom in Fguro 27.

9 Reverse bona tcs

It v, as theuoht that a few )reversals of bending of a largo "~rain
amplilude might nreduce similar changes as the fatigue stresses had
donea. The fom of cpocimoan used it the fatigue studies wore used for'

ahs tests. The Almlinivia - ri. Silver alloy specimens were.given one
or mo roevrs, beods of* +100 and exaMples o~f the micrstrctures after
bending are shzmm in Fig~cs 28 and 29. After bending the specimens

-8-
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were repolishea to remove the slip bands and then etched. It can be
seen from Fiurs 28 that after only 2 btnds a nombcr of deformation
bands have ap-eared. The difference in orientation of the bands from
the remainder of the crystal can be seen very distinctly wrhere different
doroes of grain bondary etching are visible at the ends of the bands.
This effect is similar to that sometimes found shore twn bands mect a
grain boundary.

Further reverse bends resulted in the more or less continuous bands
breaking up into a nmber of fairly -ia defined crystallites very sji-
Isr to those obrerved in the fatigue tests. This is shown an Figure 29.

heverse bend tests on copper specimens produced many small clearly
defined crystallites, again similar to those found in the fatigued speci-
mens.

10 The strain gN culve for Alusiniim -s Silver allov

The obzcrvataorc made on the Aluminitri - % Silver specimens have
indicated the change in mode of deformation which occurs under differ-
cot aegrocs of cyclic strain. Diagram I ahs a curve in which the
total deflection of the specimen has been plotted against endurance.
The experimnts show that deformation by a system of bands is confined
to the lower stresses, and that deformation by a nore general crystal-
bite formation occurs on the steeper part of the curve, the chsdngo from
one form to the other occurring at the 'Knee' of tha curve. At strain
amplitudes corresonding to this region combinations of the two forms
of deformation are present. From these observations it ias possible
to state in general terms the fatigue conditions to vich a particular
specimen had bern subjected.

II Discussion

In a retallographic study of the effect of cyclic strain In a num-
ber of metals slip bands have been observed at all stresses rh6re plas-
tic deformation occurs. At high stress levels the slp is accompanied
by deformation bands of a different orientation from the surrounding
lattice. On the basis of the observattors made it might be inferr d
that this change from pure clip to deforzation boads occurs when the
S 'safe range' for the metal is exceeded. 6 Certainly an Aluminium -
Silver pecimon which failed at 150 x 10 cycles sohsd deformation
bands. Io such bands could be detecto on speclmens which had been
subcsted to lowecr strosses ithout causing failure, although slip bads
had boon appraont on these spcclmens. Whether deformation bands would
appear at some extcndel time it is impossible to say. The observations
do not preclude this possibility as the bands are ret necessarily pro-
dUced instantaneously but may be produced after many repetitions of
strain on certaiu slip planes. Rvrsals of a high strain value may
very rapidly produce deformation bands as wan found after 2 reverse
bonds, but in the cso of the longer life specimais it soms to be a
more prolonged prooss of deformation. Theose bands roseeblo twin bands,
and it rooms significant that crashing starts at-these bands While cop-
per which exhibits nnealing twins is prone to cradting along twin
bands. Those doformation bands eventually broak up into smll crystal-
lites so that cracks which form and follow their b6unaarios are of an
irregular nature,

* The deformation charactoricd by bands of crystallites formed at
* the slip plramcsz is localisod in the sense that so large scae movementof the crystal lattice is involved. It is'in this respect that the

difference in behaviour of the higher stressob be6omes most apparent
i.e. whoro largo scalo movomont of the metal is observed. The reason

9 "
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for this difference is not yet understood, but the higher degree of
plastic strain per cycle% would be expected to produce a more widesprea
deformation, although time also may be an important factor. The contin-
us formation of crystallites under high cyclic strain appears to allow

a general plastic mevenent of material presenting the appearance sha.sing
in gre 6. Such deformation might possibly be related to that zhoseT
by Ued tooccr under creep stresses. This general deformation even-
tually leds to the formation of a deep gr6ove.and at a later stage, a
crack develops. The formation of this groove and the-increaed surface
area taken up by the formation of undulatrons suggests that the deforma-
tion under cyclic loads is greater during the tension pert of the cycle.
Continuous caystal breakdoan an the hollows will cause a deepening groove
and eventually a crack. This sequence is shown In Figure 25. The
region of crystal brcakdosn precedes the root of the crack, as has been
described earlier. Thus it seems from the observations made that
fatigue is not a simplo strain hardeaing process but is complicated by
the formation of deforrs*ticn bands ad crystallites within the metal
crystal. This phenmesn is most marked at high stress levels and per-
mits a continuous plastic movement to occur while it is in progress. It
may eventually inlitiato a crack by forming a groove, and all crack pro-
grass apears to be associated with the formation of a zone of crystal-
lites aad of the root of the crack. Until more is known about the
mechanical propertios of such an aggregate of swall crystalites it is
not possible to estinato their effect. If they are softer than the
Wrounding grains it may be that the strese'concsntration at the root

of a crack entering such a zone is loser than that estimated from elastic
theory, rod this tay account for the observations that sore cracks pro-
gross a certain distance and are then overtaken by ether cracks which
are foimd later. The presence of the crystallates may also contribute
to;ards prolonging the life of the specimen by deflecting the crack into
a diroction parallel to that of the applied stress and thereby reducing
its cffeetivcnss as a stress raiser. The presence of branch cracks at
the root of the main crack ray also help to dissipate the stress conen-
tration in this region.

12 Conclusions

Three m.terials have been examined under fatigue stresses, AlUumn-
iWn - -$o Silver alloy, copper and Armco iron.

A7 tha tests have shown that fatigue cracking 3s preceded by some
form of crystallite formation.

Slip bands appear at all stresses dotr to well below the fatigue
limit.

Defoermation bands, which appear to be regions having a slight3y
differcnt orientation to that of the parent crystal, were observed after
2 reverso bends of a large srain amplitude. At lowor strains the

4  bands were observed to be formed in regions of slip, the process t0ing
a relatively long timo. It is these deformation bands v1ch later
brook up into crys tallites.

At the highar strain aplitudcs a more widespread crystal breakdown
occurred with extensive crystallite formation. This process alloxd
marked disturbance of the surface material into folds or undulations.
Cracking in this condition was preceded by a continuousy deepening
groove, and the cracks progressed into a region v horo crystalitQ formc-
ties had occurrad. This was also true of the tests conducted at loer
atresos in %,hich a crack haA ± rmd, because the high stress concontra-
tion at the root of the crack Troducod crystallite fomation.

11 -0 -
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Copper ecxhibited a 'mosaic' background structure shen etched after
fatiguing. The degree of fineness of this mosaic reumed to depend on
the stresses involved. Near the point of fracture the mosaic structure
could only just be rcsolved.

-2xcaining these structures in relation to the etrair/logN car'e it
has becn Leun, in the 1-thninium - -. ; Silver alloy that the change in the
slope of the curve ceniidcs .ith the chenge in type of deformation.

arkod modification of the grain boundary was often observed where
the difference tn oricitation between neighbouring grains wms slight,
especially at the ends of deformation bends.

Ref.No. Author Iitleot-

I Oroan Theory of the fatigue of metals,
l'rec. Roy. Soc. Vol.171 - 1939.
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